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INTRODUCTION 
Reducing calving difficulty in dairy cattle has received 
considerable attention from the dairy industry in the last decade. 
A national program for sire evaluation considering the single 
trait of calving difficulty has been implemented and followed 
since 1978. Less dystocia in a herd would result in an increased 
calf crop from which to select replacements or alternatively a 
need to raise less replacements. At the same time, less dystocia 
would be expected to reduce injuries and possible loss of cows 
which could cause a reduction in both production and reproduction 
in the lactation immediately following difficult births. 
Even though considerable research has been conducted relating 
to sire evaluation for calving difficulty, much remains to be 
learned. Complete and accurate reporting is necessary to get 
unbiased estimates of genetic differences. Little is knoOT about 
the completeness of reporting of birth difficulties. Also, 
relatively little is known about the economic consequences for 
varying degrees of difficult births. The current National 
Association of Animal Breeders (NAAB) sire evaluation considers 
calving ease as a single continuously distributed trait. Actually, 
calving ease is scored as a discrete trait. New statistical 
approaches have been developed that not only adjust for the 
discreteness of the trait, but also enables using the additional 
information that the categorical scores are ordered. 
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The objectives of this study were: 
1. To determine the completeness of reporting of dystocia 
data by: 
a. • comparing dystocia reported with the calvings by 
heifers and cows as new lactations are started 
from Dairy Herd Improvement (DHI) data, and 
b. comparing NAAB versus DHI for completeness of 
reporting by age of cow. 
2. To determine the economic influence of dystocia by age 
of cow on 305-day mature equivalent (ME) milk and milk 
fat production, days open and days dry. 
3. To implement the ordered categorical analysis procedure 
and to determine whether this method ranks sires dif­
ferently than the method currently used by NAAB. The latter 
does not consider the discrete nature of the data or the 
ordered responses. 
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REVIEW OF LITERATURE 
The first large studies of calving difficulties in the United 
States with dairy cattle used data from Midwest Breeders Cooperative 
(MBC) and Select Sires, Inc. (SS), Pollak (1975) and Pollak and 
Freeman (1976). Dystocia data collection was adopted in 1977 by 
NAAB. This national program followed a unified data collection 
format which was developed by Freeman at Iowa State. The analysis 
used by NAAB is described by Berger and Freeman (1978). 
Significance of the Research to the AI Industry 
Dystocia results, in losses of calves, of cows, and probably 
in production and delayed reproduction. Thompson et al. (1981) 
estimated that losses due to calf mortality alone of 132 million 
dollars are likely, which does not include losses due to production 
and reproduction. This translates to $1,482 per year for a dairy­
man milking 100 cows. A 1% reduction in mortality in first parity 
and .5% reduction in later parities would realize $167 for the 
100 cow dairyman and 12.03 million dollars for the industry 
(Thompson et al., 1981). 
Martinez, 1982, found that across all parities calf mortality 
by 48 hours was 6.65%; however, for the most difficult births 
(score 5) 56.5% of all calves died, and for the next most difficult 
calving ease category (score 4) 27% of all calves died. 
Sires should have progeny tests for dystocia before, or at 
least by the time they are progeny tested for production and have 
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Predicted Differences reported. Actually, with near complete 
reporting, sires should have two or three times as many progeny 
who have dystocia scores as have production records. It is 
important to have calving ease information when young sires are 
put into active service without waiting for second crop daughters. 
With relatively complete reporting from DHI data it is easily 
possible to get reliable dystocia progeny tests by the time a 
bull has his first PD. The NAAB Dairy Sire Summary for Calving 
Ease makes it possible to use Holstein bulls of high genetic merit 
to breed open heifers. This leaves better genetic material in the 
herd, and the results are much more assured than when heifers are 
bred to beef bulls or natural service Holstein bulls whose transmitting 
abilities for calving ease are not known (Aitchison and Johnson, 1983) . 
Knowledge of the economic losses resulting from dystocia on 
production and reproduction are poorly documented. A knowledge 
of this, plus associated losses in calves and cows having difficult 
births is needed to determine if selection should be practiced 
for calving ease and how much emphasis calving ease should receive 
relative to production, reproduction, and other traits. 
It is important to evaluate sires as accurately as possible, 
unless costs are prohibitive with some alternative models. The 
proposed threshold model describes the biology of the calving 
ease trait better than any known method. It is important to deter­
mine whether this method ranks sires differently than the method 
currently used by NAAB. Incorrect sire evaluation will obviously 
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contribute to improper use of sires to breed virgin heifers. 
This would result in more economic loss to dairymen than when 
sires were ranked as accurately as possible for calving ease. 
The extent to which the current procedure can be improved is not 
known until better evaluations are investigated. Since sire 
evaluation for calving ease has been adopted in the industry and 
is used by dairymen it is necessary that the best procedures 
possible be used, if the cost is not prohibitive. 
Non-Genetic Factors 
Most of the dystocia studies in the United States and abroad 
have shown the following factors to have large effects on dystocia. 
Age and parity-of-dam 
When cows calve each year, age and parity are highly confounded. 
There is general agreement that dystocia is two to three times 
higher in first parity dams than at second and later calvings 
(Bar-Anan et al., 1976). Philipsson (1976a) found 15.7% dystocia 
in heifers versus 4.8% in cows. Pollak and Freeman (1976) re­
ported 29% dystocia for Midwest Breeders Cooperative versus 
34% in Select Sires, where a scale of 1 to 5 was used by >iBC and 
a scale of 1 to 3 was used by Select Sires. Cady (1980) and 
Thompson (1980), in two different studies, found a genetic cor­
relation of 66% and 84%, respectively, between dystocia in first 
and later parities. 
Dystocia in heifers seems to be mainly caused by feto-pelvic 
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incompatibility (FPI), (Philipsson, 1976d; Menissier et al., 1981). 
Abnormal presentation of the calf seem to account for a second 
substantial part (Philipsson, 1976b; Meijering and Van Eldik, 1981). 
Other phenomena, like weak labor, uterine torsion or insufficient 
cervical dilatation, may cause severe dystocia (Philipsson, 1976b) . 
The latter contributions to the occurence of calving difficulty 
are more significant in older cows, where feto-pelvic incompati­
bility is less frequent than in heifers (Meijering, 1984). 
Sex-of-calf 
Sex-of-calf is a very important source of variation for 
dystocia (Pollak and Freeman, 1976; Berger and Freeman, 1978; 
Cady, 1980; Thompson, 1980). Sex differences in dystocia frequency 
may be attributable to a difference in size. Male calves are 
usually larger in body dimensions (Philipsson, 1976b) and have a 
1-3 kg higher average birth weight (Vos et al., 1966; Burfening et al., 
1978) as reported by Meijering in 1984. After correction for 
difference in birth weight, difference in dystocia rate between 
sexes is reduced, but still has been found to be significant 
in a number of studies (Belie and Menissier, 1968; Philipsson, 1976b). 
Year - season 
Year effects were reported to be highly significant (Brinks et al., 
1973). Winter births (October-March) were more difficult than 
summer births (Pollak and Freeman, 1976). Philipsson stated in 
1976b that surveillance around parturition is likely to be less 
intensive during the grazing season, which with increased exercise 
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while on pasture, may be the reason for a lower rate of reporting 
of dystocia cases. 
Genetic Effects 
Belie and Menissier (1968) set up a coherent scheme of pos­
sible effects on dystocia, encompassing environmental as well as 
genetic influences of direct and maternal origin. A simplified 
scheme of genetic or causal relationships, based on Philipsson (1976c), 
is shown in figure 1. Only feto-pelvic incompatibility (FPI) 
induced dystocia was considered in the scheme. Malpresentation 
of the calf and sire effects on frequency of malpresentation itself 
as a cause of dystocia were found to be essentially zero (Meijering 
and Van Eldik, 1981). The maternal grandsire effect in this 
respect has not been studied explicitly. 
Direct genetic effect 
Most authors agreed that dystocia is a trait with a low 
heritability, less than or equal to 10%. Thompson (1980) 
found a heritability of 8% for heifers versus 4% for cows. 
Similar results were reported by Meijering and Van Eldik (1981). 
Methods of sire evaluation practiced, however, vary from the 
computation of uncorrected sire frequencies to the use of the Best Linear 
Unbiased Prediction (BLUP). The linear model approach for sire 
evaluation with categorical data has a number of violations, 
which would make its use, in theory, less desirable (Gianola and 
Foulley, 1983; Harville and Mee, 1984). 
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Gg: Direct genotypic effect. Eg: Direct environmental effect. 
G^ : Genotype for maternal effect, E^ : Maternal environmental effect. 
D^M' genetic correlation between direct and maternal genotype. 
Figure 1. Genetic pathways and main target points in dystocia 
and stillbirth. 
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Sire of dam and maternal effects 
As indicated in figure 1, the sire of the dam affects calving 
traits in a more complicated way than the sire of the calf. The 
sire of the dam has a direct genetic component due to the 1/4 of the 
genes transmitted to the genotype of the calf and a maternal effect. 
The maternal grandsire influences calving traits by transmitting 
genes to his daughters which find expression in their daughters 
as dams. This is called a maternal effect. Detailed information 
on the breakdown of genetic effects into direct and maternal 
components has been presented by Willham (1972). Difficulties 
encountered in estimating appropriate variance components were 
discussed by Foulley and Lefort (1978) and Willham (1980), Both 
Cady (1980) and Teixeira (1978) attempted to estimate the direct 
by maternal covariance but were forced to conclude it was zero 
because estimates were outside the feasible parameter space. 
Philipsson (1976e) was able to estimate the covariance in question 
by using indirect methodology and computed the genetic correlation 
for direct with maternal to be -19% for first parity calvings. 
Selection for the direct effect with a negative genetic correlation 
would result in decreased dystocia but the correlated response 
could increase dystocia as a trait of the dam. These two counter­
balancing effects would be expected to eventually stabalize at 
some point. However, Boldman and Famula (1985), based on their 
findings, did not offer strong support for the hypothesis of 
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negative direct-maternal correlation for dystocia, where small 
calves bom with ease become small cows that have difficulty giving 
birth. 
Dystocia, Production and Reproductive Traits 
Major sources of cost associated directly with dystocia are 
loss of calf, death of dam, extra labor required for the dairyman 
and veterinary assistance (Philipsson, 1976e). In Philipsson's 
estimation, about half of the costs were due to loss of calf. 
Cows may occasionally have to be slaughtered when calving has been 
extremely difficult. Philipsson reported in 1.976e a 3.5% emergency 
slaughter rate among Friesian heifers with difficult calvings. A 
number of authors have found unfavorable longer-term effects from 
calving problems. Calves, if not stillborn may have suffered 
seriously from a dystocic parturition and may be less viable. 
Mortality rate will be high and there is a possibility of retarded 
growth during the rearing period (Meijering, 1984). The culling 
rate among cows is higher following a difficult calving (Philipsson, 
1976e). Culling rates among cows may be due to a number of factors, 
such as calving lesions, depressed fertility, low milk yield or 
concern about repeat calving problems (Meijering, 1984). Because 
of more frequent culling it is difficult to assess to what extent 
fertility and milk yield are affected by calving problems (Philipsson, 
1976e). Predicted Differences (PD) for milk, fat, fat percentage 
and dollars were found to be unrelated with dystocia by correlating 
11 
sire transmitting ability estimates (Thompson et al., 1980). Sires 
were evaluated separately for each trait. Selection for PD type alone 
(PDT) or type and production (TIP), however, would result in an 
increased incidence of dystocia (Thompson, 1980). 
Martinez (1982) found an increase in calf mortality to 48 hours 
postpartum from 4% for first parity dams not experiencing dystocia 
to 60% for those experiencing the most dystocia, score 5. Score 5 
is also of much lower frequency. 
The heritability for livability is very small, estimated to be 
.9% (Martinez, 1982). Assuming equal selection intensity, for 
dystocia and livability (Martinez, 1982) estimated that the response 
in calf livability will be 41% greater as a result from the selection 
on calving difficulty than as a result from the direct selection 
on calf livability itself. Thus, genetic improvement in calf 
livability can be expected to improve if calving difficulty is 
improved. Such estimates of correlated response are not as predict­
able as estimates of direct response. Further, small changes in 
parameter estimates can make rather large changes in this estimate 
of the correlated response in livability. 
There is a reason to believe that both production and repro­
duction are impared by dystocia. McDaniel (1981), using data from 
5 herds, showed depressed production in milk in the lactation fol­
lowing difficult births, the depression was not linear 
as dystocia increased. He also found an increase in days 
open from calving to conception. Thompson et al. (1982) using data 
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from California herds found increasing calving difficulty resulted 
in more days open, longer interval to first breeding, more breeding 
per conception, and lower 30 day milk yield but no depression in 
production after 30 days. Mangurkar et al. (1984) showed that cows 
with surgical calvings with stillbirth have significantly lower 
production. It appeared, in his study, that calvings with stillbirth 
were associated with consistently lower production and a consistent 
lowering for all yield and percentage traits. In general, calving 
difficulties adversely affect reproductive efficiency of cows. 
These effects persist for a considerable time. As a consequence, 
cows conceive late, conception rate falls and more services per 
conception are required (Mangurkar et al., 1984). 
The NAAB Dystocia Sire Evaluation 
The national sire evaluation is described by Berger and 
Freeman (1978). The analysis considers dystocia to be a trait of 
the calf (direct effect only). Transmitting abilities with Best 
Linear Unbiased Prediction (BLUP) properties are computed by using 
mixed model methodology of Henderson (1973). The model considers 
fixed effects of herd-year-season of calving, sex of calf and parity 
of dam and random effects of sire and error. 
The model is y = X3 + ZU + e [1] 
where 
y is an N X 1 vector of observations (scores from 1 to 5), 
X is an N X p known incidence matrix of fixed effects. 
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B is p X 1 unknown vector of fixed effect constants, 
Z is an N X s known incidence matrix of sire effects, 
U is s X 1 unknown vector of random sire transmitting 
abilities, 
e is N X 1 unknown vector of random error components. 
Henderson's (1973) Mixed Model Equations (MME) for this model are: 
X'R-^ X X'R-^ Z e X'R"^ Y 
Z'R-lx Z'R"^ Z + G"1 U Z'R"^ Y 
where 
R is an N X N error variance - covariance matrix, 
G is an s X s sire variance - covariance matrix. 
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R is often assumed to be la", however, because of unequal age-of-
dam variation, R is considered to be a block diagonal matrix of 
variances associated with first, second, third and subsequent parities. 
G~^  is assumed to be A~^ k, the inverse of relationships among sires 
2 9 
multiplied by k, the ratio of error variance to sire variance 
The NAAB sire evaluation ranked sires on transmitting ability for 
dystocia on a within stud basis through 1979 and ranked sires across 
studs in 1980 and subsequent years. The NAAB calving ease sire summary 
provides information on number of direct comparisons, probability that 
the sire's true transmitting ability for calving ease is above breed 
average and the Expected Percentage of Difficult First Calvings. 
The latter provides a direct estimate of the expected problem births 
(scores 4 and 5) when a bull is used on breed average heifers. This 
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relates directly to decisions dairy owners must make in choosing bulls 
to breed heifers. The Expected Percentage of Difficult First Calvings 
would be approximately 11% for an average bull, but it will 
vary from extremely low, 1% to 2% for the best bulls, to 30% to 40% 
for the poorest bulls. Thus, losses due to calving difficulty 
could vary significantly based on the sires selected for breeding 
to virgin heifers (Aitchison and Johnson, 1983). 
Development of an Ordered Categorical Analysis 
Procedure to Evaluate Sires for Calving Ease 
Many characters of biological interest and economic importance 
are observed on a discontinuous scale, while the underlying cause 
and effect relationship is continuous. The birth of a calf, for 
example, is scored by dairymen on a scale of 1 to 5 to indicate 
the degree of difficulty associated with the birth. New statistical 
procedures have recently been developed which use the observed 
scores to estimate the underlying causal effects on a continuous 
scale simultaneously with other fixed and random effects necessary 
to predict the merit of sires for calving ease. The threshold model 
uses the information that the severity of effects increases with 
the progression across the range of scores and utilizes this 
information to estimate thresholds or boundary points on an under­
lying scale of continuous response. The thresholds in turn can be 
used to formulate probability statements relative to the occurence 
of a particular score on the observed scale. Thus, the Expected 
Percentage of Difficult First Calvings is estimated directly. 
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Scale Transformation 
There are, in general, three main reasons for making a scale 
transformation (Bishop et al., 1980): 
1 - to make the distribution normal; 
2 - to make the variance independent of the mean and; 
3 - to remove or reduce non-additive interactions. 
Many scientists, searching for a good representation of the 
biology, have questioned the use of methods suitable for con­
tinuous variables on discrete variables. Transformations of scale 
have been widely used especially in the binomial case such as: 
The logistic transformation 
Li = Log, 9-Î . = x'ig 
where is a vector of known constants, B is a vector of unknown 
parameters and 9^  is a probability of an event. 
The integrated normal transformation 
(0^ ) =x'.3 
The latter is often referred to as probit analysis. $"^ (6^ ) is the 
value of the inverse cumulative normal function at the point 6^  and, 
The angular transformation 
= arc sin vWT = 
These changes in the scale have a common objective to achieve 
symmetry and linearity (Cox, 1983). Many difficulties arise, 
however, when we wish to transform sets of multiresponse (more 
than two) data. For the case of the integrated normal transformation. 
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Aitchison and Silvey (1957) have proposed a generalization of 
probit analysis for the case of multiple responses. Substantial 
literature has been developed treating the same problem, (Aitchison 
and Bennet, 1970; Grizzle, 1971; McFadden, 1974). This literature 
has generally assumed, however, strictly categorical rather 
than ordinal data. 
McKelvey and Zavoina (1975) developed a model for use when 
the observed dependent variable is ordinal. The approach taken 
is based on the assumption that the observed category is deter­
mined by the value of an underlying continuous random variable 
for which a linear model is applicable. 
All transformations of scale in the binomial case or multi­
nomial case have been primarily concerned with fixed models while 
there was a need for methods that deal with mixed models. 
Threshold Approach 
Many characters of biological interest or economic importance 
vary in a discontinuous manner rather than a continuous one but are 
not inherited in a simple Mendelian manner. Familiar examples are 
livability of calves in cattle and litter size in mammals. Livability 
can be assigned the value of (1) when the calf is born alive and the 
value of (0) when the calf is born dead. There are consequently 
two phenotypic classes alive-dead. The clue to understanding the 
inheritance of such characters lies in the idea that the character 
has an underlying continuity with a threshold which imposes a 
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discontinuity on the visible expression(Falconer, I960, chapter 18). 
When the underlying variable is below this threshold level the 
individual has one form of phenotypic expression, e.g. 'alive*; 
when it is above the threshold the individual has the other 
phenotypic expression, e.g., is 'dead'. The continuous variation 
is both genetic and environmental in origin that could be in 
principle measured and studied as a metric character in the 
ordinary way. Frequencies of 'alive* or 'dead' are quite adequate 
as a simple description of the population or group of cattle, but 
the percentage scale is inappropriate for many purposes. Thus, 
on a percentage scale variances differ according to the mean. 
For genetic analyses, therefore, frequences must be converted to 
underlying continuous means (Falconer, 1960, chapter 18). 
The development and optimal properties of Best Linear Un­
biased Prediction (BLUP) have given tremendous impetus to research 
and development in sire evaluation programs. Its applications 
were suitable for responses that are quantitative and follow 
a fixed, mixed or random linear statistical model (Harville and Mee, 
1984). In some prediction problems the response is categorical rather 
than quantitative such as calving difficulties in cattle. Schaeffer 
and Wilton (1976) indicated that if subclasses can be regarded as 
representing random samples from the same population, BLUP can 
be used to predict sire values for categorical traits. On this 
basis. Berger and Freeman (1978) presented an application of the 
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method for predicting sire merit for calving difficulty in Holstein-
Friesian cattle. The analysis considers dystocia to be a trait of 
the calf (direct effect only). Beside the arbitrariness in 
assigning scores to the response categories, the approach violates 
two assumptions: 
1. Additivity of effects; 
2. Homogeneity of variances. 
Quartermain (1965) used different scale transformations in 
order to maximize heritability or genetic differences. Gianola 
(1980) showed that the observed heritability is not invariant to 
the choices of scores. This suggests that, by design, a set of 
scores can be made "more heritable" than another set of scores. 
Mee (1981) described the analysis of ordered categorical 
responses via the threshold approach. The linear model for the 
assumed underlying continuous random variable was taken to be a 
fixed effects linear model. Later, the threshold model approach was 
extended by assuming that the underlying continuous random variable 
satisfies a mixed linear model, i.e. a linear model that includes 
random effects as well as fixed effects (Harville and Mee, 1982). 
Independently, Gianola and Foulley (1983) developed procedures which 
are based on the same threshold model. The procedures differ in the 
derivation of the equations used to obtain estimates and predictors. 
The procedure by Gianola and Foulley uses a Bayesian approach, and 
therefore, the properties of the solutions are not as clearly defined 
as the Best Linear Unbiased Prediction properties associated with 
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linear models. The procedure by Harville and Mee (1984) resembles 
the best linear unbiased prediction of Henderson (1975) and the 
equations are similar in form to the current NAAB evaluation pro­
cedure. The two methods yield nonlinear equations requiring iterative 
solution, so they are computationally more involved than linear 
prediction. 
Other models which include random effects have been proposed 
for categorical responses. One approach is to express each response 
as a vector of Indicator variables (with the j element equal to 1 
if the response falls in the category, and 0 otherwise) and then 
to apply some model for multivariate responses (Quass and Van Vleck, 
1980; Van Vleck and Edlin, 1984). These models, however, do not 
utilize the category ordering and therefore, seem less appropriate 
for settings where the categories do have a meaningful order. 
Threshold Model 
Let y^  represent an underlying (generally conceptual) con­
tinuous variable associated with the i^  ^of N observable 'individuals' 
or 'items'. We usually assume that y = (y^ ...,y^ )' follows a 
mixed linear model 
y = Xa + Ug + £ [3] 
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where 
y is an N X 1 vector of nonobservable continuous responses, 
X is an N X p known incidence matrix of fixed effects, 
a is p X 1 unknown vector of fixed effects constants, 
U is an N X q known incidence matrix of random effects, 
S is q X 1 unknown vector of random effects, 
£ is N X 1 unknown vector of random residuals, that are 
distributed independently of a and 3-
Moreover 
g ~ MVN (0, C^ D), 
E 0. MVN (0, CT^ I) 
where 
2 O is an unknown positive variance and D is positive 
definite. 
D = yA 
where y = and where A is the matrix whose ff'th element is 
p 
aff' which is determined from the coefficient of relationship 
between the fth and f'th random elements of 6 and from their 
inbreeding coefficients as described by Henderson (1976). 
Assume the numbers 1, ,M represent M ordered calving ease 
scores. We do not observe y, rather we observe the category into 
which the i^  ^individual is scored or, equivalently, the category 
21 
number, say (i = 1, ...N). The relationship between y^  and is: 
?k-l < fi 1 Sk <=> Zi = k 
where k goes from 1 to M, Cg = - and 
are unknown boundary points that define a partitioning of the 
real line into M intervals. When the realized value of y^  belongs 
to the k^  ^interval, we observe that = k. The probability-mass 
function, under these assumptions, of Z^ ,..., Z^  is: 
P (z^ ,...,Zjj) = pr I^ Z^  = Zj_ (i = 1,...,N)| 
= pr < Yi 1 (i = 1,...,N) 
This model is referred to as the threshold model (Harville and Mee, 1984) 
If y were observable, we could use Henderson's BLUP procedure 
to estimate X'a + U'3. 
X'X X'U a  X'y 
-1 — U'X U'U + D 3 U'y 
where a is any solution to X'V~^  X a = X'V ^ y, and S = DU'V ^ (y-Xa). 
One way of arriving at the mixed model equations and BLUP is by 
finding values of a and S that maximize 
Ô N+q 
1 
Y Xa V UD 
g ; 0 , DU' D 
» - -
[ 4 J  
= (Jjjj (y; Xa + UB, I)A (e;0,D) 
N. 
= 4q(6;0,D)n*(yi-x; a-Ul 6) 
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The threshold model has an approach analogous to the maximization 
of [3], Harville and Mee (1984). The proposed procedure consists 
of estimating a and g by a and B where f= , a 
and 3 are any values that maximize 
 ^ J • • • jZjjj Ç>3)(j)q(3 jO,D) , 
where 
N 
ip (z,...,z%; Ç,a,3) =^ II^  (^^ zi " " ^i^  ^" ^^^ zi-1 ~ . 
Standardized Threshold Model 
Note that  ^yi £ can be re-expressed as < 
(Y^  - ^ j_)/o £ - Ç^ )/a (i = 1, — ,N). If the first column of X, 
the incidence matrix of fixed effects is a column vector of 1, the 
threshold model can be reformulated in terms of a second threshold 
model. The underlying continuous response variables of the latter 
correspond to (y^  - the boundary points correspond to 
- Ç]_)/a, and the vectors of 'fixed', 'random' and 'residual' 
effects correspond to (a^  - a'^ )/a with = overall mean and 
a2 = (sex, parity)', 3/0) and e/a, respectively. The residual variance 
equals I, the first boundary point equals 0 and the first column of X 
is a column vector of 1. The model is called the standardized thresh­
old model (Harville and Mee, 1984). 
BLUP and the Threshold Model 
When the records and the transmitting abilities of sires follow 
a joint normal distribution, BLUP is the maximum likelihood esti­
mator of the best predictor and it maximizes the probability 
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of correct pairwise ranking of candidates for selection, Henderson 
(1973). With categorical responses, normality is not a tenable 
assumption and linear predictors may be poor for ranking purposes 
(Portnoy, 1982). 
Meijering and Gianola (1985), using simulation, reported that 
the threshold model improved sire rankings over those obtained 
with BLUP in the observable scale, especially when the responses 
are binary. Meijering (1984) compared BLUP to Gianola and Foulley (1983) 
threshold model using field data from the Netherlands. Sire 
solutions obtained by BLUP and the threshold model were very 
highly correlated (r = .99) for dystocia as well as for stillbirth. 
Only minor differences in sire ranking were observed, mainly 
around the center of the distribution of genetic merits. The 
study concluded that there is no major advantage in applying 
Gianola and Foulley procedure under the conditions of the national 
birth recording program in the Netherlands (Meijering, 1984). 
Harville and Mee (1984) indicated that bulls ranked first and 
last by the threshold model were also ranked first and last, 
respectively, by the procedure of Berger and Freeman (1978). For 
60 of the 85 bulls, the two rankings differed by no more than 
10 places. However, there were 9 bulls whose rankings differed 
by more than 20 places. The majority of the studies that used 
the threshold approach, (Gianola and Foulley, 1983; Harville and 
Mee, 1984; Meijering, 1984) treated herd-year-seasons (HYS) as 
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fixed effects and they deleted all subclasses in which every 
calving is observed to fall into category 1 or alternatively into 
category M. In practice, there may be many such HYS subclasses. 
As noted earlier, the equations used in the threshold model are 
nonlinear. They are solved iteratively, starting with initial 
estimates of the thresholds and the first element of the fixed 
effects. These equations are solved repeatedly until the estimates 
used to build them cause no further changes in all parameters being 
estimated (i.e. thresholds, fixed and random effects). Although 
Harville and Mee (1984) and Gianola and Foulley (1983) both used 
the threshold model, the derivation of the mixed model equations 
differ. The threshold model of Harville and Mee can be re-expressed 
in terms of a standardized threshold model, which simplifies the 
computation since the error variance is one. 
Gianola and Foulley (1983) preferred to use a Newton-Raphson 
iteration procedure while Harville and Mee (1984) used the method 
of scoring. 
In the data sets considered for the simulation study by 
Meijering and Gianola (1983), the number of iterations required 
to attain convergence was from 5 to 10 rounds, while Harville and 
Mee (1984) found convergence could be reached in 7 to 8 rounds. 
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DATA AND METHODS 
Data Available 
Completeness of reporting and economics of dystocia 
Dystocia and livability scores have been collected through 
the MidrStates Dairy Records Processing Center. From May 1981 
through January 1984, data were collected on 555,562 Holstein 
cows in the DHI program. Data prior to June 1982 were not used 
to study the effects of dystocia on production, days open and 
days dry because of inconsistent reporting of dystocia data. 
After matching dystocia and production files a total of 141,655 
lactations with dystocia were available. 
Threshold model 
The data were reorganized into Herd-Year-Season-Sire subclasses. 
Each subclass contains the respective number of progeny distributed 
by sex (male or female), by parity (parity 1, parity 2, parity > 3) 
within sex and by score (1,...,5) within parity. Scores indicate 
the degree of difficulty of calving: 
1. - no problem, 
2. - slight assistance, 
3. - needed assistance, 
4. - considerable force, 
5. - extreme difficulty. 
Sires with less than 5 progeny and herd-year-seasons (HYS) 
having less than 14 sires were not used in order to have a data 
set useful to estimate variance components. A total of 223 HYS and 
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Table 1. Distribution of Dystocia Scores (%) 
Category Frequency 
(1) No problem 84.4 
(2) Slight difficulty 5.7 
(3) Needed assistance 6.3 
(4) Considerable force needed 2.1 
(5) Extreme difficulty 1.5 
189 sires were used. The 5,027 progeny belonging to one of five 
ordered categories have frequencies seen in Table 1. 
A subset of the total data set was used to develop computational 
procedures and test various aspects of the ordered categorical pro­
cedure. There were no prior estimates of the herd-year-season 
variance available from the literature, therefore this needed to be 
estimated. A direct inverse of the complete coefficient matrix is 
required for variance component estimation and linear functions of 
the inverse elements are used in calculating the Expected Percent of 
Difficult First Calvings. The knowledge gained and experience with 
a subset of the data was expected to help define computational 
strategies for larger data sets. 
Methods 
Completeness of reporting and economics of dystocia 
Fixed model Least square solutions for the effects of 
dystocia on ME milk, ME milk fat, days open, and days dry were 
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found. The following model was used within parity: 
i^jkl = ^  + HYSi + Sj + + Gijki [5] 
where 
i^jkl 305-day ME milk, ME milk fat, days open, or 
days dry, 
U is the overall mean, 
HYS^  is the i^  ^effect of herd-year-seasons; season one 
was April to September, season two was October to 
March, 
Sj is the effect of male and female births, 
is the effect of the k^  ^dystocia score where 
k = (1,...,5) dystocia scores defined earlier, 
is the random residual. 
All effects except the residual are fixed. Herd-year-seasons were 
absorbed. 
Threshold model 
The theoretical details of the analysis of ordered categorical 
responses via the threshold approach are described in Mee (1981) 
and Harville and Mee (1984). 
Mixed model In our analysis of calving difficulty, the 
following model was assumed: 
yijkfl - ^  + Sj + Pk + HYSi + Siref + [ 6 ]  
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where 
y is the underlying continuous variable, 
is the overall mean, 
Sj is the effect of the sex (j = 1 for male, 2 for 
female), 
is the effect of the parity (k = 1 for dam's first 
calf, 2 for her second calf, 3 for her third or 
subsequent calf), 
HYS is the effect of the i^  ^herd-year-season subclass 
(out of H, the total number of HYS), 
sire is the effect of the f^  ^sire (out of S, the total 
number of sires). 
i^jkfl Che random residual. 
Random herd-year-seasons is a new innovation which bears 
further consideration in the analysis of categorical data. Harville 
and Mee (1984) found the likelihood function used to form the 
equations yielded arbitrarily large estimates when all scares in a 
subclass fell into category 1 or category M- They chose to delete 
these subclasses, but suggested an alternative might be to treat 
herd-year-seasons as random variables. With herd-year-seasons as 
random, there is more effective use of all the data. That is, the 
solutions reflect estimates based on all the data, rather than just 
those subclasses with several different categories or all scores 
within intermediate categories. In matrix notation, the model [6] 
is denoted by: 
y = Xa + US + e; [7] 
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where Y is"the underlying continuous random response variable; 
y^ , elements of Y, cannot be observed. We can only observe that 
the i*^  ^response falls into one of five categories. We number 
the categories 1, 2,...,5 and take to be the discrete random 
variable defined by = k when the i^  ^individual belongs to 
category k. The relationship between and is: 
W <  ^Sk <=> Zi = k 
where k = 1,... ,5 , Çq = + ", and Ç = 2^' S3, C4) ' 
is a vector of unknown boundaries or thresholds with 
0^ ^  ^ 1 ^  5^ 
X is N X p known incidence matrix of fixed effects, 
a is p X 1 unknown vector of fixed effect constants 
(overall mean, sex, parity), 
U is N X q incidence matrix for random effects, 
3 is q X 1 unknown vector of random effects (herd-year-
seasons effects and sire transmitting abilities), 
£ is N X 1 unknown vector of random residual components. 
Standardized threshold model The model [7] can be re­
formulated in terms of a standardized threshold model whose 
underlying continuous response variables correspond to (Y^  - E;^ )/#, 
the boundary points correspond to (Ç^  - E^ )/o, and fixed and random 
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effects correspond to (u - > 2^ ~ (s^ x, parity)', 
6/a and e/a, respectively. The residual variance equals 1, the 
first boundary point equals 0 and the first column of X is a vector 
of 1. The equations and variances of all random variables are: 
y 
= Xx ; Var 
• ^l' 
= 
Di 0 0 
3 0 ^2 D2 0 
E 0 £ I 
where 
3^ = (HYS^,—HYSg)'/cr, standardized solution on underlying 
scale, 
2^ = (Sire^ ,—Sireg)'/a, standardized solution on underlying 
9 9 scale, 
Di = Ti = 
°2 = 'h = 
D2 assumes all sires are unrelated. In the event sires are related, 
2 9 
D2 = Ac^  /c r  , where A is the numerator or Wright's relationship 
matrix. The inverse of this matrix is used in building the thres­
hold model equations and would be constructed using the procedure 
described by Henderson (1976). 
y ~ WN (Xa, ch) with V = I + ' + U, D, U'2 
Threshold equations The threshold equations (Bock, 1975; 
Mee, 1981 and Harville and Mee, 1984) are: 
t(S. a, g; Z) 
x-c (Î, a, S - . Z )  _  ^  [ 3 ]  
U'î (Ï, a, S; Z) - d'"- S 
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where 
e(Ç, a, 3; z) is an N x 1 vector whose i^  ^element is a, 3; Z) 
and t(Ç, a, 3; Z) is 3 X 1 vector whose (k-l)^  ^element is 
- i^(Ok - ^ i(^ k+l (^ ik/^ i' k+l) ' 
where 
t})ik ~ ~ - u'^ 3), 
^ik = *i,k-l - *ik and, 
i^k = ^ ik - *i,k_i, 
where 
(p is the probability density function and 0 is the cumulative 
probability density function. 
The set i: Z^  = k is denoted by 
L is an N X 3 matrix whose (i, k-l)^  ^element is 
(^ ik {("^ ik^ i^k) " ("^ i'k+l^ i^'k+l) } 
Q is 3 X3 tridiagonal matrix whose (j-1, k-l)tb element is 
(1/Aij + 1/Ai j+i) if j = k 
[El <"1] W^ ik j = 
£ »ij 
0 otherwise. 
R is N x N diagonal matrix whose i^  ^diagonal element is 
kEi ^ ik/Aik-
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are 
Iterative algorithm The threshold equations [g] represent 
system of nonlinear equations. Various iterative algorithms 
available for solving such systems. Harville and llee (1984) 
proposed the following iterative algorithm whose (k+]iterate 
,(k-H) j(k+l) 5»+!) sacisfia. 
Q L'X L'-U 
X'L X'-RX X'RU 
U'L U'RX U'RU + D"^  
f(k+l) 
(k+1) 
a 
g(k) 
a(k) 
g(k+l) _ ;(k) 
g(k). z) 
X'E(5(K), S(K), GFK); Z) 
U'E(S(K). &(%), S(K); Z) - D-1 GCK) 
[9] 
The iterative procedure defined by [9] is analogous to an iterative 
method, known as the method of scoring, for solving a set of 
likelihood equations (Harville and Mee, 1984). 
To initiate the iterative algorithm, initial values needed 
to be specified and Define rij by $(nj) = N^ /N 
where Nj represents the total number of individuals in categories 1 to j, 
In the case of five categories: 
= N^ /N , 
G(n2) = (% + N2)/N , 
0(^ 2) = (% + N2 + Ngj/N , 
ecn^ ) = (N + Ng + N3 + N4)/N. 
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Set corresponding to the second unknown boundary 
point to ri2 ~ ^ 1» 
corresponding to the third unknown boundary 2(0) 
point to TI3 -
 ^CO) 
corresponding to the fourth unknown boundary 
point to T)^  - and 
-^ {Q)  ^
corresponding to the overall mean to 
The remaining elements of and the elements of are 
set equal to 0. At this point [9] is solved and new estimates 
/V ^  
for Ç, a and P are found. The estimates from the first iteration 
are used to redetermine the coefficient matrix and the elements 
of the right hand side of the system of nonlinear equations [8]. 
Such modification has been used in every iteration in this study. 
New coefficients are determined from the previous iterates. 
Convergence is attained when the difference between the new 
iterates and the most recent previous iterates equals 0. 
Estimation of variance components 
Harville and Mee (1984) also presented an algorithm for estimating 
variance components. It can be viewed as a natural extension of the 
restricted maximum likelihood (REML) approach due to Patterson and 
Thompson (1971), Harville and Mee (1984). The iterative procedure 
proposed by Harville is the following: 
Y (k+1) = {g(Ç(k))' BCyCk)) + tr {A'l G (y(k))}}/s [10] 
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where 
A~^  = the inverse of relationship among sires with progeny 
data, 
G is the q X q lower right comer of the inverse coefficient 
matrix of [8] or [9], 
gCyC^ )) is estimated using y from the iteration. 
If calving difficulty is regarded as a trait of the calf, then 
the parametric function h^  = 4^ /^(1+y^ ) can be interpreted as the 
heritability of the underlying continuous trait, Harville and Mee 
(1984). Our estimate of h^  in this study was computed as 
h2 = 4y^ / (]_ + ^ 2). 
Estimation of probabilities and expected percent 
The estimation of the probability is defined by 
~ $(Ck '  ~  X 'a  -  U'B)  -  $(^^  -  X'c i  -  U'B)-
The probability that a dam of parity 1 (heifer) in an average HYS 
will experience difficulty or extreme difficulty in giving birth to a 
male offspring of sire F is computed as: 
1 _ $ (S] - W - - ?! - 3(F))//^  
where VAR = (Ç3' - X', - u') C"^ (L a, §; Z) (Ç3', - x', - u')' + 1» 
and C~^  is the inverse of the coefficient matrix of [8]. 
The Expected Percent (4 and 5) is computed in the following way: 
[1- 0 (^ 3 -Û- - 3(F))/v^ j * 100 + .5. 
The .5 rounds the Expected Percentage to the nearest whole number. 
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In order to improve the reliability on the Expected Percent, 
a confidence interval was computed based on Harville's suggestion 
(Department of Statistics, I.S.U., Ames, personal communication). 
The Expected Percent (4 and 5) plus and minus one standard deviation 
is given by: 
1 - 0(%2 -p - Sj - - 3(F) + 
/(Ç'3, - X', - U') C-l(S, a, B, Z) (Ç'3, - X', - U')' ) 
The lower and the upper Expected Percent as computed by this 
formula correspond to 68% confidence interval. That is: 
LEPCT45 < EPCT45 < UEPCT45 
where 
EPCT45 is the Expected Percent (4 and 5), 
LEPCT45 is the lower Expected Percent (4 and 5), and 
UEPCT45 is the upper Expected Percent (4 and 5). 
Appendix 1 gives more detail in computing [8] and [9]. 
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RESULTS AND DISCUSSION 
Completeness of Reporting and Effects 
of Dystocia on Production and Reproductive Traits 
Completeness of reporting 
Thirty-four percent of the 555,562 Holstein cows in the DHI 
program had dystocia scores reported from May 1981 through January 
1984. The rate of dystocia reporting since June 1982 is in 
Table 2. Frequencies of reporting in herd-year-seasons that have 
complete information on both production and dystocia were compared 
to frequencies reported in herd-year-seasons with partial dystocia 
information. Differences of reporting were significant (x^ > P = .0001). 
The largest contribution to the chi-square was due to scores 2 and 
3 (Table 3). 
Frequencies of dystocia scores 
Distributions of dystocia scores from DHI showed less difficult 
births compared to those reported to the National Association of 
Animal Breeders (NAAB). In heifer calvings, there were 11%, 4 and 
5's in the NAAB data versus 8% from DHI (Table 4). For cows of 
all ages there were 5%, 4 and 5's in the NAAB data versus 2% from 
DHI (Table 5). These differences may be due to the higher pro­
portion of heifers reported in the NAAB data compared to the 
DHI data (Table 6). 
The NAAB calving ease data are made available through their 
member organizations. The data come from herds cooperating with 
the intensive young sire sampling programs maintained by the AI 
organizations. All births are scored by dairymen as they occur and 
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Table 2. Rate of dystocia reporting by month (percentages) 
1 2 3 4 5 
Month 
6 7 8 9 10 11 12 
Year 
1982 43 47 47 46 49 51 53 
1983 53 52 47 28 23 30 33 35 32 33 36 39 
1984 48 
Table 3. Frequencies of reports in herd-year-seasons with complete 
and incomplete dystocia information (percentages) 
Scores 
1 2 3 4 5 
Complete HYS 
Incomplete HYS 
83.5 5.6 7.0 2.3 1.6 
88.7 4.1 4.6 1.6 1.0 
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Table 4. Distribution of dystocia scores DHI versus NAAB 
(percentages) 
Heifers Second calf & greater 
Scores NAAB DHI NAAB DHI 
1 - no problem 64 72 84 89 
2 - slight assistance 11 9 6 4 
3 - needed assistance 14 11 6 4 
4 - considerable force 6 5 2 1 
5 - extreme difficulty 5 3 2 1 
Table 5. Distribution of dystocia scores DHI versus NAAB (percentages) 
All Cows 
Scores NAAB DHI 
1 - no problem 80 90 
2 - slight assistance 7 4 
3 - needed assistance 8 4 
4 - considerable force 3 1 
5 - extreme difficulty 2 1 
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Table 6. DHI versus NAAB data 
NAAB DHI* 
Heifers 83,919 11,189 
Second calf and 
greater 387,565 130,466 
All cows (lactations) 471,484 141,655 
L^actations from June 82 to January 84. 
there is more of an incentive to report all births because the 
calving ease data are considered part of the total young sire sampling 
program. 
Effects of dystocia on production, and reproductive traits 
Least square solutions for Che effects of dystocia on ME milk, 
ME milk fat, days open, and days dry were found using [5]. Sex 
of calf was highly significant (P <.01) for days open, ME milk 
and ME milk fat in first, second, and third and greater lactations. 
The average days open by lactations were: first lactation, 121 
days; second lactation, 128 days; and third and greater lactations, 
130 days. The effects of dystocia scores on days open following the 
birth are in Table 7. Days open in first parity were 14 days more 
for births scored 5 versus 1. The difference was larger, 26 more 
days open in second parity and 19 more days open in third and greater 
parities for score 5 versus 1; however there was a lower frequency 
of score 5 in second and greater parities. 
Dystocia scores were significantly different for days dry following 
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Table 7. Effect of dystocia scores on days open 
Lactations 
Scores 1 2 >3 
1 0  0  0  
2 2 2 2 
3 6 7 10 
4 10 12 6 
5 14 26 19 
the birth. Estimates were small and trends of effects were not 
consistent from 1 to 5 scores. 
Differences between cows with score 5 and score 1 were 465 kg 
ME milk and 20.7 kg ME fat less in first lactation, 576 kg ME milk 
and 20.9 kg ME fat less in second lactation and 725 kg ME milk and 
25.0 kg fat less in third and greater lactations, with cows pro­
ducing more in lactations following an easy birth (Table 8). Dif­
ferences in production associated with scores 2 and 3 show incon­
sistent trends, probably because there is not a clear delineation 
between frequencies of scores 2 and 3. 
The solutions for 305 ME milk show a substantial reduction in 
total milk yield in lactations following a difficult birth. First 
lactations following a birth with slight or moderate assistance 
(score 2 and 3) were as large or greater than lactations following 
an unassisted birth. A birth scored 4 or 5, however, resulted in the 
loss of 113 kg and 465 kg of milk, respectively. Although there are 
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Table 8. Effect of dystocia scores on ME milk and ME milk fat 
production (kg) 
Scores Milk Fat Milk Fat 
Lactations 
Milk Fat 
• 
1 2 >3 
1 0 0 " 0 0 0 0 
2 38 1.6 —44 -2.7 -181 -8.9 
3 92 1.8 -139 -3.9 -174 -7.4 
4 -113 -2.5 -95 -4.0 -421 -16.9 
5 -465 -20.7 -576 -20.9 -725 -25.0 
more difficult births in heifer calvings, there was a greater loss 
in milk in later lactations following a difficult birth. These 
differences in production and reproduction associated with difficult 
births represent substantial economic losses. 
Threshold Evaluations without Relationships 
Dystocia is becoming a trait of biological interest that has 
great economic importance. It varies in a discontinuous manner but 
is not inherited in a simple Mendelian way. Characters of this sort 
appear at first sight to be outside the realm of quantitative genetics. 
However, when dystocia is subjected to genetic analysis it is found 
to be inherited in the same way as continuously varying characters. 
The threshold model makes this analysis possible. 
The linear model [6] for the conceptual continuous responses 
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was reparametrized to a full rank model by striking out the two 
fixed effects, females as and parity 3 as P^ . 
Initial values for the iterative algorithm [9] were found 
using the procedure described in pages 32 and 33. 
Convergence 
The threshold equations [8] were formed starting with initial 
guesses, = Yg(0) = 0.0389 and = 0.0500 for sires 
and herd-year-seasons, respectively. Iterations terminated at the 
seventh round when successive solutions of [9] have at least the 
same three decimal digits. After obtaining estimates of the components 
of variance, the new estimates yg = 0.0388 and = 0.0698 computed 
by [10] were used as the proper variance components in the nonlinear 
system of equations [8]. The algorithm [9] was used again with the 
same initial guesses of the boundary points and the overall mean but 
with the new variance components for sires and herd-year-seasons. It 
converged fairly rapidly. Convergence started at the fourth round 
(third decimal digit), but it was continued in this study until the 
sixth round. Convergence required 7 to 8 rounds in the Nee study (1981). 
The coefficient matrix and the right hand side of the threshold 
equations [8] or the iterative algorithm [9] were redetermined after 
each round of iteration for initial estimation of variance components 
and for final solutions. Direct inverse of the coefficient matrix 
was computed by a subroutine program that takes advantage of half 
stored matrices. 
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Fixed and random estimates 
The estimates a, and B of the unknown thresholds, the fixed 
effects and the random effects of the standardized threshold model 
were computed (Table 9). 
The estimates of the sire variance and the HYS variance were 
0.0385 and 0.0962, respectively. The heritability (h^ ) of the under­
lying continuous trait was estimated by (1 + y^ ) = 0.148. 
Previous estimates of h^  for calving difficulty have varied con­
siderably with parity and with breed. Pollak's (1975) estimates 
for the heritability of calving difficulty among Holsteins were 
17%, 8%, and 5% for first, second, and third or greater parities 
respectively. Thompson (1980) found a heritability of 8% 
for heifers versus 4% for cows. Using the categorical approach 
the heritability of the underlying calving difficulty (continuous 
trait) was 15%, Harville and Mee (1984), with herd-year-seasons 
treated as fixed. 
Threshold versus BLUP solutions 
A rank correlation (Spearman correlation) was computed between 
sire solutions based on the threshold model and the Expected Progeny 
Differences (EPD) based on Berger and Freeman (1978). The correlation 
coefficient was 76%. Some descriptions of the distribution of the 
sires solutions and the EPD are given in Table 10. 
Note that while the threshold model assumed that sires are unrela­
ted, BLUP includes groups and the relationship. A relationship matrix 
was not used initially in the categorical analysis because computations 
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Table 9. Parameter estimates 
Parameter 
(Standardized 
threshold) 
Parameter function 
(Original 
threshold) 
Estimate 
(Standard 
deviation units) 
Standard 
error 
- y (u + Sg + Cg - -1.4243 0.0496 
1^ (S^  - S2)/C7 0.3302 0.0449 
Pi (PjL - Pg)/G 0.7190 0.0594 
P2 (Pg -  Pg)/^ 0.0468 0.0535 
2^ (52 - Si)/o 0.3251 0.0179 
3^ (S] -  Si)/o 0.9091 0.0351 
?4 (S4 - 5i)/c 1.3277 0.0513 
Table 10. Statistics of sire evaluation by two procedures 
Analysis 
procedure MEAN SID. DEV. MIN. MAX. 
Categorical 189 0 0.098 -0.212 0.407 
BLUP 189 0.026 0.093 -0.217 0.335 
N^umber of sires. 
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may have been more difficult. Our primary interest was in developing 
and first use of the threshold model. 
A plot of EPD and sire solutions is given in figure 2. Both 
models tend to agree on the most difficult sires but not on the easy 
ones. -In particular some of the bulls that were ranked easy by the 
threshold approach were considered average or higher than average 
by Berger and Freeman's procedure. Because the additivity assump­
tions that are implicit in the model [5] are unrealistic when this 
model is applied directly to the assigned scores the 
rankings produced by the Berger-Freeman procedure can be considerably 
distorted by atypical distributions of the scores with respect to 
the explanatory factors (Harville and Mee, 1984). 
In conjunction with the Berger and Freeman approach, the Expected 
Percent First Calvings (calving scored 4 or 5) is estimated by: 
FR > 3 = .1387 + .56 EPD 
The above equation was obtained from a previous analysis by a simple 
linear regression of the observed frequency of births scored 4 or 5 
on the sire estimates. This formula gives very different results, 
in comparison with the Expected Percent of Difficult Heifer Birth 
from the threshold model which is computed directly (pg. 34). 
To illustrate the estimation of the Expected Percent Difficult 
First Calvings using the threshold procedure (pg. 34), we take a dam 
of parity 1 giving birth to a male offspring of sire 1 (the easiest). 
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The probability that this heifer will experience difficulty or 
extreme difficulty is estimated in the following way: 
Pg j = 1 - 3 {[.9091 - (-1.4243 + .3302 + .7190 - .2121)]/ 
1 /2 
[1 + (.0377)] '} 
= .070. 
The Expected Percent Difficult First Calving is found by 
multiplying .070 by 100 which equals 7. Some statistics of the 
Expected Percent Difficult Calvings of four and fives by the two 
procedures are shown in Table 11. Note that the Expected Percent 
of Difficult Heifer Births as predicted by the threshold model is 
much higher for easy calving sires and the maximum value is much 
lower. A plot of the Expected Percent Difficult Calvings by the 
two methods is shown in figure 3. 
Lower and Upper bounds for the Expected Percent of Difficult 
Heifer Births were computed using Harville's suggestion as described 
in page 35. This can be interpreted as a confidence interval for 
the Expected Percent Value. The smaller the confidence interval is, 
the closer the Expected Percent is to the true value. 
Threshold Evaluations with Relationships 
l^ hen the relationship among bulls, their sires and paternal grand-
sires was added into the model the total number of sires became 225 
sires and the variance among sires is: 
Dg = ACgZ 
where A is the numerator of Wright's relationship matrix. 
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Table 11. Expected Percent of Difficult Heifer Births 
Procedure Na MEAN STD, . DEV. MIN. MAX. 
Categorical 189 10 .53 1. 84 7 19 
BLUP 189 15 .33 5. ,22 2 33 
dumber of sires 
Estimation of variance components for herd-year-seasons, sires 
and solving the threshold equations [8] followed the same steps as 
in section Threshold Evaluations without Relationships with appro­
priate modifications to account for the variance-covariance matrix 
among sires. 
Convergence 
The estimated herd-year-seasons variance component from the 
threshold evaluations without relationships was used as an initial 
value for the equations given in [8]. In order to use the same 
(0)  
sire variance as in the linear model the prior Yg ~ 0.0388 was 
used as the initial value for the system [8]. 
Stopping points for iteration are arbitrary. In principle the 
equations of [9] have converged when the difference in solutions 
between two successive rounds is zero. We chose to stop when the 
difference among all solutions between two successive rounds was 
less than .0001. Iterations were terminated at the seventh round. 
The new estimates = 0.0385 and = 0.1274 were computed by [10] 
and used as the proper variance components to solve the nonlinear 
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system of equation [8]. Convergence was slower than the case where 
sires were unrelated, but iterations had met the criterion where all 
solutions were changing less than .0001 by the sixth round. 
Fixed and random estimates 
The estimates Ç, a, 3 were computed. The thresholds and the 
fixed effects are in Table 12 along with the estimates of fixed 
effects by the linear model. There was a slight change in the 
estimates compared to when sires were unrelated. It was interesting 
to note that the estimable differences among levels of fixed 
effects were larger from the categorical model than those from the 
linear model. 
Sire evaluations and the Expected Percent Difficult First 
Calvings (4 and 5) by the two procedures are in Appendix 2. Sire 
evaluations were ranked by the categorical solutions. Lower and 
upper limits for the Expected Percent Difficult First Calvings 
(EPCT45) were included along with a decile ranking of the sire 
estimates from the categorical and linear model procedures. The 
Expected Percent Difficult First Calvings is the expected percent 
of scores 4 and 5 from a male birth in heifer calvings. Sire 
solutions by the two procedures are in Figure 4. The addition of 
relationships made the two procedures more nearly alike in that 
both models used the same information among sires. Average and 
easy calving sires were more nearly alike between the two pro­
cedures. There was, however, very little effect on sires whose 
progeny were born with extreme difficulty. As indicated by the 
Table 12. Parameter estimates 
Parameter 
Parameter function Estimate Standardized 
(Standardized (Original (Standard deviation Standard Linear 
threshold) threshold) units) error Estimates 
()j + S2 + Cg - ^ 2 )/a -1,5004 .0497 — 
h (S^ - Sgi/O 0.3411 .0449 .2417 
I'l (I'l - py^ /o 0.7453 .0595 .5925 
^'2 (P2 - P])/0 0.0476 .0536 .0189 
CM (^ 2 ~ 0.3335 .0179 
^3 (Eg - 0.9289 .0353 
54 (C4 - Sl)/o 1.3534 .0515 
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linear model and the categorical model without relationships, the 
categorical model gave a better differentiation among easy and 
breed average sires. That is, both models identify the difficult 
calving sires, but the categorical model changes the rank order of 
those sires whose progeny are born easily. 
Figure 5 compares EPCT45 by the two procedures. This shows 
the same trends as shown in Figure 4. 
The EPCT45 with its 68% confidence interval is shown in Figure 6. 
These values were overlayed with the EPCT45 from the linear model in 
Figure 7. In general the categorical model gives lower estimates 
for EPCT45 than the linear model. In addition, easy and breed 
average sires tended to fall within the bounds established by the 
categorical procedure. 
Variance components 
Estimates of herd-year-seasons variance and sire variance using 
the model with and without relationships are in Table 13. The 
iterative algorithm [8] was first used to obtain solutions for ef­
fects in the model. Variance components were estimated after the 
solutions had converged (Step 1). Another series of rounds of iteration 
were carried out until convergence to obtain the second set of variance 
components. The HYS variance estimates have a tendency to increase 
(0.500 to .1601). Herd-year-seasons variance counts for 13% of the 
total variance. Estimates of sire variance made little change. They 
decreased slightly when the relationship among sires was included 
(0.0389 to 0.0381). The heritability (h^ ) of the underlying continuous 
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Table 13. Variance component estimates with and without relationships 
Step^  
Component 
Herd Sire h2 
Without Relationship 
Prior .0500 .0389 .150 
1 .0698 .0388 .149 
2 .0962 .0385 .148 
With Relationship 
Prior .0962 .0388 .149 
1 .1274 .0385 .148 
2 .1601 .0381 .147 
R^ounds of variance components estimation. 
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trait was estimated by Ay^ /Cl + y^ ) = .147 compared to .148 in the 
case of unrelated sires. 
Threshold versus BLUP solutions 
Rank correlations (Spearman correlations) among sire solutions 
and the EPCT45 by the two procedures are in Table 14. The cor­
relation between the categorical sire solutions and the linear sire 
solutions increased from 76% to 79% by having the relationship 
among sires added. 
Recommended use of sire ranking on calving ease 
Selection emphasis should be put first on production because 
most income is generated from it. It is recommended that open 
heifers be bred to sires with high transmitting ability for pro­
duction, then choices among these high bulls would be for those 
with the least Expected Percent of Difficult Heifer Calvings. The 
chances of difficult calving is less for second and greater calvings. 
Therefore, sires whose progeny can, on the average, be expected to 
be born with more difficulty can be used on older cows. First calf 
heifers should not be mated to the highest ranked sires for calving 
ease. 
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Table 14. Rank correlations with relationships 
Spearman correlation coefficients 
Sol& EPCT^  EPCT(= Sol^  
Sol 
EPCT 
EPCT 
Sol 
1.00000 .98281 
1.00000 
.79059 
.78172 
1.00000 
.79059 
.78172 
1.00000 
1.00000 
Categorical sire solutions. 
EPCT45 from categorical evaluations. 
'-EPCT45 from linear evaluations. 
"^ Sire solutions from linear evaluations. 
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SUMMARY AND CONCLUSIONS 
The completeness of reporting of dystocia data and the effect 
of difficult calvings on production and reproductive traits were 
studied using data from the Mid-States Dairy Records Processing 
Center. From May 1981 through January 1984, 555,562 records of 
Holsteins were used; 34% had dystocia scores. More emphasis should 
be put on the importance of calving ease information. With re­
latively complete reporting from DHI data, it is possible to get 
reliable dystocia progeny tests by the time a bull has his first PD 
and sufficient scored calvings to have an accurate calving ease 
sire evaluation. 
Prior to June 1982 scoring of dystocia was inconsistent and 
these data were not used to study the effects of dystocia on pro­
duction, days open and days dry. After matching production 
and dystocia files 141,655 lactations with dystocia infor­
mation resulted. There were 11%, four and five scores in the NAAB 
data for heifers versus 8% in DHI data. For cows of all ages there 
were 5%, four and fives in the NAAB data versus 2% from DHI. Least 
squares solutions for the effects of dystocia on ME milk and fat, 
days open and days dry were found. The average days open by 
lactations were: 121 d, 128 d and 130 d for first, second, and third 
and greater lactations, respectively. Days open in first parity 
were' 14 days greater for births scored 5 versus 1. The differences 
were larger in later parities. These were 26 more days open in 
second parity and 19 more days open in third and greater parities 
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for score 5 versus 1. Dystocia scores were significantly different 
for days dry in the lactation following the birth, but estimates 
were small and trends of effects were not consistent across the 
range of scores. 
Differences between cows with score 5 and cows with score 1, were 
465 kg ME milk and 20.7 kg ME fat less in first lactation, 576 kg 
ME milk and 20.9 kg ME fat less in second lactation and 725 kg ME 
milk and 25.0 kg fat less in third and greater lactations, with cows 
producing more in lactations following an easy birth. These dif­
ferences in production and reproduction associated with difficult 
births represent substantial economic losses. 
Many characters of biological interest and economic importance 
are observed on a discontinuous scale, while the underlying cause 
and effect relationship is continuous. The birth of a calf is 
scored by dairymen on a scale of one to five to indicate the degree 
of difficulty associated with the birth. Such a character can be 
genetically studied through the threshold model which assumes an 
underlying continuity for the trait with a threshold that imposes 
a discontinuity on the visible expression. The proposed threshold 
model or ordered categorical analysis uses the fact that the severity 
of effects increases with the progression across the range of scores 
and utilized this information to estimate ordered thresholds on 
an underlying scale. The thresholds in turn are used to formulate 
probability statements relative to the occurence of a particular 
score on the observed scale. This leads to the direct estimation 
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of the Expected Percentage of Difficult Heifer Births which is the 
value of concern to dairymen. 
The proposed threshold model is an extension of categorical 
analyses to mixed models that include fixed and random effects. It 
is a procedure similar to the Best Linear Unbiased Prediction pro­
cedure of Henderson (1975). The threshold equations represent a 
system of nonlinear equations for which an iterative procedure 
analogous to the method of scoring was used to solve the likeli­
hood functions. 
The threshold model was re-expressed into a standardized 
threshold model with the residual variance equal to one, the first 
boundary point equals zero and the first column of the incidence 
matrix for the fixed effects is a vector of one's. 
Variance components for herd-year-seasons and sires were 
estimated by a method similar to the restricted maximum likelihood 
method (REML)- The estimates of variance of sires and variance of 
herd-year-seasons were 0.0385 and 0.0962, respectively leading to 
a heritability (h^ ) estimate of 0.148. When relationships among 
sires were added the heritability estimate became .147. Herd-year-
season variance accounts for 13% of the total variance. 
Thresholds 5(2)' ^ (3)^ ' effects (overall mean, sex, 
parity), and random effects (HYS, sires) were estimated and values 
for the Expected Percentage of Difficult Heifer Births were derived. 
Lower bounds and Upper bounds were formed for the latter values as 
a measure of accuracy or reliability. 
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Compared to Berger and Freeman's (1978) procedure, the proposed 
threshold model compensates for two major assumptions violated by 
the current national calving ease sire evaluation program, 
(1) additivity of effects and, (2) homogeneity of variances. It 
provides for the computation of the Expected Percent Difficult First 
Calvings (4 or 5) directly rather than indirectly as Berger and 
Freeman's model requires. Rank correlations between the two pro­
cedures were 76% and 79% without relationships and with relationships, 
respectively. Both approaches tend to agree on the most difficult 
sires. There were more changes in rank among the easy calving sires. 
Random herd-year-seasons is a new innovation which bears 
further consideration in the analysis of categorical data. Previous 
studies, Harville and Mee (1984) Gianola and Foulley (1983), and 
Meijering (1984) found the likelihood function used to form the 
equations yielded arbitrarily large estimates when all scores in a 
subclass fell into category 1 or M. They chose to delete these 
subclasses. With herd-year-seasons as random the undesirable 
manifestation disappears. There is more effective use of all the 
data. That is, the solutions reflect estimates based on all the 
data, rather that just those subclasses with several different 
categories represented or all scores within intermediate categories. 
In the context used here, the threshold model is a new con­
ceptualization of categorical fixed effects models to include random 
effects. Much is to be learned about the behavior of this model 
and this will develop with experience and practice. 
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APPENDIX 1 
Steps for Setting Up and Solving Categorical Equations 
Input record 
HYS-sires subclasses are formed. Each subclass has sex (males 
and females), lactation 1, lactation 2 and lactation 3 or greater 
nested within sex and scores (1,...,5) nested within lactation. 
This information is shown in Table 15. 
HYS-sires subclasses are sorted by herd-year-seasons and sires 
within HYS. 
Initial values 
The input file is read once and the following quantities are 
computed. 
Score 1 = NMll + NM21 + N!-I31 + NFll + NF21 + NF31, 
Score 2 = NM12 + NM22 + N>D2 + NF12 + NF22 + NF32, 
Score 3 = NM13 + NM23 + NM33 + NF13 + NF23 + NF33, 
Score 4 = N>a4 + NM24 + NM34 + NF14 + NF24 + NF34, 
Score 5 = NKL5 + NM25 + NM35 + NF15 + NF25 + NF35. 
The latter are used to find the starting values or initial guesses 
for the boundary points and the overall mean. 
Let N1 = Score 1/N 
N2 = (Score 1 + Score 2)/N 
N3 = (Score 1 + Score 2 + Score 3)/N 
N4 = (Score 1 + Score 2 + Score 3 + Score 4)/N 
where N is the total number of records. 
Table 15. Input record 
MALES 
Lactation 1 Lactation 2 Lactation > 3 
scores scores scores 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
NMll NM15 NM21 NM25 NM31 NM35 
FEMALES 
HYS-Slre 
Lactation 1 Lactation 2 Lactation ^  3 
scores scores scores 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
NFll NF15 NF21 NF25 NF31 NF35 
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Define t^ , t^ , Cg and by: 
= N1 
#(t2) = N2 
(^tg) = N3 
(^t^ ) = N4 
where $ is the cumulative probability density function. The Normal 
deviates t^ , t2, t^  and t^  are found using 'MDNRIS', an IMSL (Inter­
national Mathematical Statistical Library) subroutine. 
The initial values and are computed 
?1 = 0, 
2 (0) 
2^ = 2^ - Cl' 
Ç^ (0) 
= tg - ti' 
r (0) 
H = 4^ - ^ 1' 
. (0) 
°'l 
= q(0) = 
The coefficient matrix and the right hand side of the system [8] are 
formed using 'NORMALO' in Round 1 and 'NORMAL' in Round 2 or greater. 
The latter are subroutines that can be called after reading each 
record from the input file. 
Normalo 
The thresholds Ç are adjusted for The other effects 
(sex, parity, herd and sire) are set to zero. The latter condition 
is only true for the first round of iteration. 
i = (1, 2, 3, 4). 
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Probability density values and cumulative density values of y^ 's are 
found. 
oCy^ ) = (i= 1, 2, 3, 4) 
$(yi) = - ;(0)) (i=i, 2, 3, 4) 
where 
tp(y^ ) = 0.3989422804014327 * Exp {~y^ **2)l2 
and 0(y^ ) can be computed using 'MDNORD', an IMSL subroutine. 
The following values are found: 
= - 6(y^ ) 
= 'i'(y^ _i) - OCy^ ) (i= 2, 3, 4) 
"Sg = 6(2%) 
and 
\ = G(yi) 
i^ ~ - 3(y^ _^ ) (i= 2, 3, 4) 
A5 = 1 - GCy^ ). 
5 
Properties: (1) Z 6. = 0 
i=l 1 
(2) X A = 0 
x=l 1 
The quantities ^ (y^ ), &(y\), 5^  and are used to form the 
coefficient matrix and the right hand side of the system of 
equations [8]. 
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Normal 
After solving the linear system [9], new estimates of Ç, a 
and 3 are found. The thresholds Ç are now adjusted for u and the 
remaining fixed and random effects. Six different cases are met. 
Case 1 Male calf in parity 1 
y. = i. (k-1) _ ;(k-l) _ s{k-l) _ p(k-l) _ qk-1) _ 
(i = 1, 2, 3, 4) 
Case 2 Male calf in parity 2 
y. = P (k-1) _ -(k-1) _ g(k-i) _ g(k-l) _ g(k-i) _ g (k-i) 
(i = 1, 2, 3, 4) 
Case 3 Male calf in parity 3 (with = 0) 
y. = c(k-i) _ ;(k-i) _ ;(k-i) _ g(k-l) _ G^ (k-l) 
(i = 1, 2, 3, 4) 
Case 4 Female calf in parity 1 (with S2 = 0) 
y. = r(k_l) _ ^ (k-l) _ ;(k-l) _ %.(k-l) _ g^ (k-l) 
(i = 1, 2, 3, 4) 
Case 5 Female calf in parity 2 (with S9 = 0) 
y. , q(k-i) . _ 5^ (k-i) 
(i = 1, 2, 3, 4) 
Case 6 Female calf in parity 3 (with $2=0 and Pg = 0) 
Pi . 2.(k-i) _ ;(k-i) _ s.(k-i) _ g^ (k-i) 
(i = 1, 2, 3, 4) 
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where = 0 and k is the number of rounds of iteration. Probability 
density values and cumulative density values of y^ 's are found for 
each case. 
OCj) = - C(k-l) - - U^ k-l) 
(i = 1, 2, 3, 4) 
*(yi) = _ gjk.i) _ g(k_i) _ s(k_i) _ g(k-l) 
(i = 1, 2, 3, 4) 
where 
i determines the threshold level (i = 1 for 5(2)' ^  for 
3 for Ç(4)), 
s^  is the effect of the sex (m = 1 for male, 2 for female), 
Pj^  is the effect of the k^  ^parity (k = 1 for dam's first calf, 
2 for her second calf, 3 for her third or subsequent calf), 
h j  i s  t h e  e f f e c t  o f  t h e  j H Y S ,  
is the effect of the f^  ^sire. 
6(2%) = 0.2989422804014327 * EXP (-yi**2)/2 and SCy^ ) is 
computed using 'MDNORD', an IMSL subroutine. 
The following values are found for each case: 
= - ?(yi) 
<Si = *(yi_i) - *(yi) (i = 1, 2, 3, 4) 
<^ 5 = (^y^ ) 
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and 
Al = $(yj_) 
"  *(7^)  -  0(y^_i )  ( i  = 2,  3 ,  4)  
A5 = 1 - $(74). 
Properties (1) Z 8- = 0 
i=l 
(2) Z A. = 0 
i=l ^  
The quantities (j)(y^ ), 0(y^ ), 5^  and that are computed 
for each case are used to build the coefficient matrix and the 
right hand side of the system of equations [8]. 
Programs 
The following programs are developed for the ordered categorical 
analysis with relationships among sires and without relationships. 
They are saved in the Iowa State Animal Breeding Library: 
Threshold Evaluations without Relationships 
Round 1 
-1- Tl: Building the system of equations [8] for 
Round 1 
-2- Rl: Recoding the equations 
-3- SI: Solving the system of equations [9] 
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Round ^  2 
-1- T: Building the system of equations [8] 
-2- R: Recoding the equations 
-3- S: Solving the system of equations [9] 
VARIANCE: Computing the variance for EPCT45 
EPCT45 : Computing the Expected Percent Difficult 
First Calvings (score 4 and score 5) 
Threshold Evaluations with Relationships 
Round 1 
-1- RTl : Building the system of equations [8] for 
Round 1 
-2- AINV: Reading the relationship matrix 
-3- RSI : Solving the system of equations [9] 
Round 2L 2 
-1- RT : Building the system of equations [8] 
-2- AINV2: Reading the relationship matrix 
-3- RS2 : Solving the system of equations [9] 
RVARIANCE: Computing the variance for EPCT45 
REPCT : Computing the Expected Percent Difficult 
First Calvings (score 4 and score 5) 
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APPENDIX 2 
Categorical and Linear Evaluations 
REGISTRATION 
1692359 
1432733 
1669038 
1671538 
1590112 
1308101 
1664494 
1694023 
1664286 
1685357 
1632665 
1590708 
1697719 
1428104 
1608425 
1628813 
1580020 
1710057 
1648691 
1704268 
1458744 
1597608 
1694652 
1623745 
1622953 
1392858 
1590582 
1614762 
1670654 
1663473 
1667366 
1611284 
1689264 
1617266 
1558842 
1615049 
1629391 
1684385 
1640982 
1709892 
1243697 
1698738 
1707522 
1558140 
1406271 
1620037 
1430145 
1624803 
1701643 
1283917 
1661728 
1365341 
1629980 
1340669 
1685359 
1695218 
1662606 
1512026 
SOLUTION 
-0 .243 
-0.218 
-0 .207 
-0 .194 
-0 .191 
-0.182 
-0 .174 
-0 .154 
-0 .139 
-0 .139 
-0 .136 
-0 .129 
-0 .126 
-0 .123 
-0.122 
-0.121 
-0.121 
-0.112 
- 0 . 1 1 0  
-0 .108  
-0 .105 
-0 .105 
-0 .101 
-0 .099 
-0.088 
-0 .084 
-0.080 
-0 .079 
-0 .073 
-0 .073 
-0 .071 
-0 .071 
-0 .071 
-0 .068 
-0.068 
-0.066 
-0 .064 
-0 .063 
-0.060 
-0 .058 
-0 .056 
-0 .054 
-0 .051 
-0 .050 
-0 .049 
-0 .047 
-0 .046 
-0 .045 
-0 .043 
-0 .042 
-0 .041 
-0 .041 
-0 .039 
-0 .038 
-0 .038 
-0 .038 
-0 .037 
-0 .037 
LOW EPCT45 
4 6 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
8 
8 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
HIGH 
9 
9 ' 
9  • 
10 
10 • 
1 0  •  
10  • 
1 
1 
10 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 2  
12 
12 
12 
12 
12 
12 
12 
12 
11 
12 
12 
12 
12 
12 
12 
12 
12 
12 
13 
12 
12 
13 
13 
12 
13 
13 
13 
13 
12 
13 
13 
13 
12 
13 
12 
13 
-0  
BLUP 
•0.105 
•0.145 
•0.089 
•0.167 
•0.207 
•0.093 
•0.117 
•0.069 
•0.079 
•0.038 
•0.017 
• 0 .1 1 6  
•0.021 
•0.054 
•0.096 
•0. 170 
•0. 104 
•0.107 
•0 .110  
•0.009 
•0.217 
•0. 124 
•0.017 
•0.020 
•0.069 
•0.027 
•0. 122 
•0.014 
0 . 0 0 8  
•0.049 
•0. 104 
•0.092 
0. 102 
0 . 0 2 1  
•0. 105 
0.033 
•0.039 
0.021 
0.094 
•0.069 
0.030 
0.003 
•0.008 
0. 128 
0.032 
0.042 
0.009 
0.017 
0.024 
•0.015 
•0.063 
•0.057 
0.023 
0.004 
0.021 
0.021 
086 
0.109 
EPCT45 
8 
6 
9 
4 
2 
9 
7 
10 
9 
12 
13 
7 
13 
11  
8 
4 
8 
8 
8 
13 
2 
7 
13 
13 
10 
12 
7 
13 
14 
11 
8 
9 
8 
15 
8 
16 
12 
13 
9 
10 
12 
14 
13 
7 
12 
16 
14 
15 
15 
13 
10 
11 
13 
14 
13 
15 
9 
8 
RAN if  RAN 
c d RANK RANK 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
17 
5 
28 
4 
2 
25 
10 
34 
30 
47 
69 
11 
65 
40 
22 
3 
19 
16 
14 
76 
1 
8 
68 
66 
36 
59 
9 
73 
97 
41 
20 
26 
21 
115 
18 
134 
46 
63 
24 
35 
56 
81  
77 
7 
53 
145 
99 
110 
123 
71 
37 
39 
62 
88 
64 
112 
29 
15 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
0 
0 
1 
0 
0 
1 
0 
1 
1 
2 
3 
0 
2 
1 
0 
0 
0 
0 
0 
3 
0 
0 
3 
2 
1 
2 
0 
3 
4 
1 
0 
1 
0 
5 
0 
5 
2 
2 
1 
1 
2 
3 
3 
0 
2 
6 
4 
4 
5 
3 
1 
1 
2 
3 
2 
4 
1 
0 
^ Rank of Categorical sire solutions 
^ Rank of Linear Sire solutions 
Decile Rank of Categorical Sire solutions 
Decile Rank of Linear Sire solutions 
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REGISTRATION SOLUTION LOW EPCTU5 
1642796 -0 ,033 6 9 13 
1605637 -0 ,032 6 9 13 
1689657 -0 ,032 6 9 13 
1664416 -0,  ,031 6 9 13 
1611492 -0,  ,031 6 9 13 
1663820 -0 ,030 6 9 13 
1691711 -0,  ,029 6 9 13 
1692148 -0,  ,028 6 9 12 
1682995 -0 ,026 6 9 13 
1500404 -0 ,025 6 9 13 
1300014 -0,  ,019 6 9 13 
1591335 -0.  ,018 6 9 13 
1681659 -0,  ,017 6 9 13 
1642993 -0 .016 6 9 13 
1199324 -0 ,015 6 9 14 
1621881 -0.  .014 6 9 13 
11*41440 -0,  ,013 6 9 13 
1383247 -0.  .013 6 9 14 
1583197 -0.  .012 6 9 13 
1701067 -0,  .012 6 9 13 
40352063 -0.  .009 6 9 14 
1397209 -0.  .007 6 9 14 
1657115 -0.  .005 6 9 13 
1654429 -0.  .005 6 9 13 
40308691 -0.  .005 6 9 14 
1680125 -0.  .002 6 9 13 
40288790 -0.  .002 6 9 14 
1667692 -0.  .000 6 9 13 
1629385 -0.  ,000 6 9 13 
1620273 -0.  ,000 6 9 1 3 
1690422 0.  ,000 6 9 13 
1687902 0.  .000 6 9 13 
1621066 0.  ,004 6 10 14 
1673127 0.  .004 6 9 13 
1724935 0. .004 6 9 1 3 
1366229 0.  ,006 6 10 14 
1724657 0.  ,006 6 10 13 
1699493 0.  007 7 10 13 
1674245 0.  .008 7 9 13 
1623662 0.  ,010 7 10 14 
1674833 0.  012 6 10 14 
1492073 0.  012 6 10 14 
1628967 0.  ,01 3 6 10 14 
1383926 0.  014 6 10 14 
1689995 0.  015 6 10 14 
1708145 0.  016 6 10 14 
1646886 0.  016 7 10 14 
1688842 0.  017 7 10 14 
1399824 0.  023 7 10 14 
1242221 0.  023 7 10 14 
1692253 0.  .025 7 10 14 
1427615 0,  ,026 7 10 15 
1598618 0.  026 7 10 14 
1681130 0.  ,026 7 10 14 
1237057 0.  028 7 10 14 
1648394 0.  030 7 10 14 
1427381 0.  030 7 10 13 
1355784 0.  031 7 10 15 
BLUP EPCT45 RANRAN 1^RANK^RAN 
0. .043 16 59 147 2 6 
-0,  .048 11 60 42 2 1 
0, .004 14 61 89 2 3 
0,  ,001 14 62 86 2 3 
-0,  .129 7 63 6 2 0 
0.  .026 15 64 125 2 5 
0.  .035 16 65 139 2 6 
0, .023 15 66 119 2 5 
-0,  .008 13 67 79 2 3 
0.  .007 14 68 91 3 4 
0,  ,006 14 69 90 3 3 
-0,  , 110 8 70 13 3 0 
0.  ,027 15 71 126 3 5 
-0.  ,096 8 72 23 3 1 
-0.  ,012 13 73 75 3 3 
0.  022 15 74 118 3 5 
-0.  ,028 12 75 58 3 2 
-0.  032 12 76 54 3 2 
-0.  ,112 8 77 12 3 0 
0.  .034 16 78 137 3 6 
-0.  014 13 79 72 3 3 
0.  001 14 80 87 3 3 
-0.  ,063 10 81 38 3 1 
-0.  ,089 9 82 27 3 1 
-0.  .001 14 83 82 3 3 
0.  071 18 84 170 3 7 
-0.  000 14 85 84 3 3 
-0.  042 12 86 44 3 1 
0.  010 14 87 102 3 4 
0.  058 17 88 157 3 6 
-0.  031 12 89 55 3 2 
0.  008 14 90 95 3 4 
-0.  006 14 91 80 4 3 
0.  024 15 92 121 4 5 
0.  009 14 93 100 4 4 
-0.  000 14 94 85 4 3 
0.  008 14 95 98 4 4 
0.  009 14 96 101 4 4 
-0.  023 13 97 61 4 2 
0.  056 17 98 156 4 6 
0.  060 17 99 160 4 7 
-0.  001 14 100 83 4 3 
0.  042 16 101 146 4 6 
-0.  008 13 102 78 4 3 
0.  031 16 103 129 4 5 
0.  012 15 104 104 4 4 
-0.  034 12 105 51 4 2 
0.  034 16 106 135 4 5 
0.  038 16 107 141 4 6 
0.  021 15 108 114 4 5 
0.  116 20 109 195 4 8 
0.  008 14 no 94 4 4 
-0.  035 12 111 50 4 2 
0.  047 17 112 150 4 6 
-0.  016 13 1 13 70 14 3 
-0.  030 12 114 57 5 2 
0.  013 15 115 106 5 4 
0.  023 15 116 120 5 5 
^ Rank of Categorical Sire solutions 
^ Rank of Linear Sire solutions 
^ Decile Rank of Categorical Sire solutions 
Decile Rank of Linear Sire solutions 
79 
REGISTRATION SOLUTION 
1684830 0.  .032 
1731)067 0.  .033 
1682'467 0.  ,035 
1681448 0.  ,037 
1667239 0.  .037 
1607814 0.  ,039 
1697281 0.  ,041 
1697162 0.  ,041 
1826975 0.  ,043 
1659978 0.  044 
1652232 0.  ,044 
1499581 0.  046 
1640590 0.  046 
1722425 0.  046 
1556373 0.  047 
1682056 0.  048 
1393997 0.  048 
1647725 0.  049 
1658173 0.  049 
HI74740 0.  051 
1189870 0.  051 
1678376 0.  052 
1387978 0.  053 
1617071 0.  056 
1347940 0. 056 
1526128 0.  058 
1632849 0.  058 
1681734 0.  062 
1696492 0.  063 
1672151 0.  063 
1689860 0.  063 
1810969 0.  065 
1800136 0.  067 
1685527 0.  067 
1640500 0.  072 
1666058 0.  074 
1659308 0.  075 
1643248 0.  075 
1629270 0.  079 
1680921 0.  085 
1677435 0.  088 
1716222 0.  088 
1633380 0.  088 
1352979 0.  089 
1674582 0.  090 
1691097 0.  090 
1674398 0.  092 
1675357 0.  092 
1683955 0.  093 
1450228 0.  094 
1680121 0.  095 
1645942 0.  098 
1686245 0.  098 
1646126 0.  101 
1675762 0.  101 
1645058 0.  102 
1703462 0.  103 
1705850 0.  104 
LOW EPCTU5 HIGH BLUP 
7 10 14 0 089 19 
7 10 14 0 022 15 
7 10 14 0 012 15 
7 10 14 0 088 19 
7 10 15 -0 .013 13 
7 10 15 -0 070 10 
7 10 15 0 069 18 
7 10 14 0 070 18 
7 10 15 -0 033 12 
7 10 15 0 080 18 
7 10 14 -0 070 10 
7 10 15 0 048 17 
7 10 14 -0 042 12 
7 10 14 0 008 14 
7 10 14 -0 078 9 
7 10 15 0 065 18 
7 10 15 0 014 15 
7 10 15 0 012 15 
7 10 15 0 032 16 
7 10 15 0 028 15 
7 10 15 0 033 16 
7 10 15 0 074 18 
7 10 15 0 034 16 
7 10 15 0 085 19 
7 10 15 0 035 16 
7 10 15 0 046 16 
7 10 15 0 077 18 
7 10 14 0 059 17 
7 10 15 0 033 16 
8 10 14 -0 040 12 
7 10 14 0 109 20 
7 11 15 0 013 15 
7 n 15 0 014 15 
7 11 15 0 066 18 
7 11 15 0 021 15 
7 11 15 0 067 18 
7 11 15 0 074 18 
7 11 15 -0.  038 12 
7 11 15 0 110 20 
8 11 15 0.  140 22 
8 11 15 0 078 18 
7 11 16 0.  026 15 
8 11 15 0.  049 17 
7 11 16 0.  097 19 
8 11 15 0.  083 19 
8 n 15 0.  139 22 
8 11 16 0.  043 16 
7 11 16 0.  149 22 
8 11 15 0.  062 17 
8 11 15 -0.  036 12 
8 11 15 0.  038 16 
8 11 16 0.  135 21 
8 11 15 0.  132 21 
8 11 16 0.  007 14 
8 11 15 0.  027 15 
8 11 16 0.  040 16 
8 11 16 0.  050 17 
8 11 16 0.  064 17 
RANK^RANK^ RANK'^RANK^ 
117 183 5 8 
118 117 5 5 
119 103 5 4 
120 182 5 8 
121 74 5 3 
122 32 5 1 
123 168 5 7 
124 169 5 7 
125 52 5 2 
126 178 5 7 
127 33 5 1 
128 152 5 6 
129 43 5 1 
130 96 5 4 
131 31 5 1 
132 163 5 7 
133 109 5 4 
134 105 5 4 
135 131 5 5 
136 128 6 5 
137 132 6 5 
138 171 6 7 
139 136 6 6 
140 180 6 7 
141 138 6 6 
142 149 6 6 
143 175 6 7 
144 159 6 7 
145 133 6 5 
146 45 6 1 
147 192 6 8 
148 107 6 4 
149 108 6 4 
150 164 6 7 
151 116 6 5 
152 166 6 7 
153 172 6 7 
154 48 6 2 
155 194 6 8 
156 207 6 9 
157 176 6 7 
158 124 6 5 
159 153 7 6 
160 187 7 8 
161 179 7 7 
162 206 7 9 
163 148 7 6 
164 212 7 9 
165 161 7 7 
166 49 7 2 
167 140 7 6 
168 205 7 9 
169 203 7 8 
170 92 7 4 
171 127 7 5 
172 142 7 6 
173 154 7 6 
174 162 7 7 
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REGISTRATION 
166711+9 
1413165 
1619057 
1612058 
1629120 
1811754 
1667237 
1647459 
1638038 
1671532 
1682485 
1833801 
1721497 
1638035 
1668484 
1629467 
1667607 
1650414 
1715210 
1692173 
1641243 
1680681 
1693040 
1650510 
1697572 
1669592 
1641*629 
1561753 
1694963 
1684205 
1664397 
1633540 
1713779 
1689839 
1655740 
1678020 
1635843 
1672056 
1630251 
1666252 
1689470 
1672325 
1693030 
1690612 
1626813 
1491007 
1663720 
1694082 
1592759 
1631223 
1663497 
SOLUTION LOW 
0.105 
0.105 
0.109 
0.113 
0.115 
0.118 
0.128 
0.131 
0.132 
0.132 
0.133 
0.134 
0.134 
0.136 
0.141 
0.142 
0.143 
0.143 
0.144 
0.144 
0.145 
0.146 
0.149 
0.152 
0.158 
0.161 
0. 166 
0.169 
0.172 
0.174 
0.176 
0.182 
0.188 
0.188 
0.191 
0.195 
0.198 
0 .200  
0 .206  
0 . 2 0 8  
0.209 
0.234 
0.242 
0.249 
0.249 
0.265 
0.291 
0.305 
0. 306 
0.340 
0.431 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
8 
8 
8 
8 
9 
8 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 10 
10 
10  
10 
11 
11 
11 
11 
12 
14 
EPCT45 
1 
1 
1 
1 
1 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
14 
14 
14 
14 
14 
15 
15 
15 
16 
18 
HIGH 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
17 
16 
16 
17 
17 
17 
16 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
18 
17 
17 
18 
17 
18 
18 
18 
18 
18 
18 
18 
19 
19 
19 
18 
19 
20 
21 
20 
21 
24 
BLUP 
0.122 
0.067 
0.093 
0.097 
0. 142 
-0.024 
0.080 
0.024 
0.066 
0.127 
0.032 
0.058 
o . n o  
-0.020 
0.021 
0.106 
0.096 
0.047 
0.088  
0. 168 
0.122 
0.107 
0.108 
0 . 0 2 0  
0.202 
0.127 
0.074 
0.094 
0.172 
0.143 
0.076 
0.165 
0.132 
0.132 
0.052 
0.154 
0.040 
0.041 
0.135 
0.221 
0.144 
0.277 
0.216 
0.166 
0.130 
0.007 
0.146 
0.335 
0.201 
0.251 
0.272 
a b 
EPCT45 RANK RANK 
175 196 
176 167 
177 184 
178 188 
RAN K*^ RAN K'^ 
21 
18 
19 
19 
22 
13 
18 
15 
18 
21 
16 
17 
20 
13 
15 
20 
19 
17 
19 
23 
21 
20 
20 
15 
25 
21 
18 
19 
24 
22 
18 
23 
21 
21 
17 
23 
16 
16 
21 
26 
22 
29 
26 
23 
21 
14 
22 
33 
25 
28 
29 
179 208 
180 60 
181 
182 
183 
177 
122 
165 
184 199 
185 130 
186 158 
187 193 
188 
189 
67 
113 
190 189 
191 186 
192 151 
193 181 
194 216 
195 197 
196 190 
197 191 
198 111 
199 219 
200 198 
201 173 
202 185 
203 217 
204 209 
205 174 
206 214 
207 202 
208 201 
209 155 
210 213 
211 143 
212 144 
213 204 
214 221 
215 210 
216 224 
217 220 
218 215 
219 200 
220 
221 
222 225 
223 218 
224 222 
225 223 
93 
211 
8 
7 
8 
8 
9 
2 
7 
5 
7 
8 
5 
6 
8 
2 
4 
8 
8 
6 
8 
9 
8 
8 
8 
4 
9 
8 
7 
8 
9 
9 
7 
9 
8 
8 
6 
9 
6 
6 
9 
9 
9 
9 
9 
9 
8 
4 
9 
9 
9 
9 
9 
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